In order to provide some references for suitability of carrier-based aircrafts, this paper studies the flow field of exhaust jets and its impact on the flight deck. The geometrical models of aircraft carrier and carrier-based aircrafts are firstly built, on which unstructured tetrahedral meshes are generated for numerical analysis. Then, this paper simulates the flow field of exhaust jets to evaluate its impact on the Jet Blast Deflector (JBD) and the flight deck, when four carrier-based aircrafts are ready to start off in the bow. The standard k-ε equations, three-dimension N-S equations and the Computational Fluid Dynamics (CFD) theory are used in the analysis process. To solve the equations, the thermal coupling of the wind and the jet flow are also considered. The velocity and temperature distributions are provided with the simulation of the CFD software, FLUENT. The results indicate that: (1) this analytical method can be used to simulate aerodynamic problems with complex geometrical models, and the results are of high reliability; (2) the safety working area, the installation scheme of the JBD and the arrangement of the take-off position can be optimized through analysis.
Introduction
Aircraft carriers are warships that serve as ocean-going airbases. It is extremely dangerous to work on the flight deck of an aircraft carrier. There are not only dozens of aircraft full of ammo, but also equipment linked with thousands of tons of oil, and exhaust jets with high temperatures and high velocity produced by the aero-engines. There are some key problems to be addressed in order to develop suitable aircraft and carriers. Such obstacles include the influence of the exhaust jets deflected by the JBD, the influence of exhaust jets produced by the aircrafts in the temporary standby position, the interaction of wind and exhaust jets, the influence of the exhaust jets on the carried aircraft, maintenance personnel, safeguard vehicles and the working area of equipment. Appropriate measures should be taken in order to address these problems.
The CFD theory is usually used to numerically simulate the high temperature and high velocity flow field on the deck [1] . There have been numerous in-depth studies on the fluid around the ships and aircraft using the CFD theory.
The Boeing Company is experienced in commercial airplane
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design with the CFD theory, and its use is has become equally as important as the wind tunnel and flight tests [2] . The velocity field and pressure field of the wind over the deck and ship wake have been studied based on the CFD theory [3] . Scale models are used to study different airflow situations for ship air wake [4] . Studies on the flow field of the aircraft carrier have revealed that the size of the hull and the position and shape of the island influences the strength and position of the vortex [5] . Studies have also been carried out on the characteristics and protection measures of corrosion damage of the JBD, and the influence of jet noise on the staff aboard aircraft carriers [6, 7] . An interactive local and global decision support system for aircraft carrier deck scheduling has been designed, which takes the JBD, island, catapult and arrester all into consideration [8] . Furthermore, a study has been carried out on the impact the exhaust jets have on the JBD, however the model is oversimplified with only two cylinder shells and a JBD, without taking the wind over the deck into consideration [9] . Other studies have investigated the application of unstructured meshes based on aeronautical CFD, as well as three-dimensional configurations with leading edge flaps, aileron and wing flaps [10, 11] . Furthermore, investigations have been carried out into CFD simulation of flow pattern and plume dimensions when submerged into a liquid bath, and vortical flow prediction validation for winged aircraft [12, 13] . Another study assessed the aircraft flight dynamics of the jet trainer and unmanned combat aerial vehicles [14] . A simulation of the aerodynamics of NAL experimental aircraft with rocket booster has been devised, and a study on the wing-bodyfairing optimization of a civil transport aircraft was carried out that considered the lift, drag and moment of force [15, 16] . Wing aerodynamics has also been numerically simulated [17] . Despite much having been revealed from the numerous studies of ships and aircrafts with the CFD theory, in-depth studies on the compatibility of aircrafts and the carrier have not been carried out. Also, no studies of influences on the flight have considered thermal coupling with the wind and exhaust jets produced by several carrier-based aircraft. This paper focuses on the impact of exhaust jets produced by four aircraft using the CFD theory, optimization of the aircraft working areas on the flight deck, and considers the safety areas for maintenance personnel. In doing so, this study hopes to provide a new method to evaluate the suitability of aircraft and aircraft carriers.
Theory basis
Based on the CFD theory, the impact of the exhaust jets on the deck is numerically simulated. There are five theory bases, including the turbulence model, N-S equations, the energy conservation equation, the temperature unit conversion equation, and a chemical equation.
In the process of CFD numerical simulation, the standard k-ε equations are applied to simulate the turbulence model, and the three-dimension N-S equations are applied in the fluid dynamic theory.
The standard k-ε equations for turbulence model are as follows [18] : 2 on aeronautical CFD, as well as three-dimensional configurations with leading edge flaps, aileron and wing flaps [10, 11] . Furthermore, investigations have been carried out into CFD simulation of flow pattern and plume dimensions when submerged into a liquid bath, and vortical flow prediction validation for winged aircraft [12, 13] . Another study assessed the aircraft flight dynamics of the jet trainer and unmanned combat aerial vehicles [14] . A simulation of the aerodynamics of NAL experimental aircraft with rocket booster has been devised, and a study on the wing-body-fairing optimization of a civil transport aircraft was carried out that considered the lift, drag and moment of force [15, 16] . Wing aerodynamics has also been numerically simulated [17] . Despite much having been revealed from the numerous studies of ships and aircrafts with the CFD theory, in-depth studies on the compatibility of aircrafts and the carrier have not been carried out. Also, no studies of influences on the flight have considered thermal coupling with the wind and exhaust jets produced by several carrier-based aircraft. This paper focuses on the impact of exhaust jets produced by four aircraft using the CFD theory, optimization of the aircraft working areas on the flight deck, and considers the safety areas for maintenance personnel. In doing so, this study hopes to provide a new method to evaluate the suitability of aircraft and aircraft carriers.
The standard k-ε equations for turbulence model are as follows [18] :
where  is the air density; k is turbulent kinetic energy; t is time; i u is the mean velocity,  is the fluid 
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where  is the air density; k is turbulent kinetic energy; t is time; i u is the mean velocity,  is the fluid dynamic viscosity; t  is the turbulent dynamic viscosity; k  is the Prandtl Number corresponding to k ; k G is the item produced by k which is caused by the velocity gradient; b G is the item produced by k which is where ρ is the air density; k is turbulent kinetic energy; t is time; u i is the mean velocity, μ is the fluid dynamic viscosity; μ t is the turbulent dynamic viscosity; σ k is the Prandtl Number corresponding to k; G k is the item produced by k which is caused by the velocity gradient; G b is the item produced by k which is caused by the buoyancy force; ε is the turbulent dissipation rate; Y M is the contribution of fluctuation growth rate in turbulence; S k and S ε are the source items defined by the user; σ ε is the Prandtl Number corresponding to ε; C 1ε , C 2ε and C 3ε are the empirical constants. Three-dimensional N-S equations in theoretical fluid dynamics are the momentum conservation equations:
C  and 3 C  are the empirical constants.
Three-dimensional N-S equations in theoretical fluid dynamics are the momentum conservation equations:
Where u  is velocity vector; u , v and w are the velocity component of u  in x, y and z direction, respectively; p is the pressure acting on the fluid element; div( ) is divergence; grad( ) is gradient; u S , v S and w S are the generalized source items of momentum conservation equations in u , v and w direction, respectively.
A system with heat transfer is surely to satisfy the energy conservation equation, which is as follows:
Where T is Kelvin temperature, K; r k is the heat transfer coefficient; p c is specific heat capacity; T S is viscosity dissipation item.
The temperature unit conversion equation is as follows:
Where t is Centigrade temperature, °C.
In the combustion model of Fluent, the chemical equation for aviation fuel combusting with air to produce exhaust gases is as follows:
Where 
Analysis of multi-flow field of exhaust jets
During the busiest periods for flight missions on aircraft carriers, there is usually an aircraft ready to take off (3) corresponding to  ; 1 C  , 2 C  and 3 C  are the empirical constants.
During the busiest periods for flight missions on aircraft carriers, there is usually an aircraft ready to take off (4) corresponding to  ; 1 C  , 2 C  and 3 C  are the empirical constants.
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Where C 19 H 30 is the aviation fuel; O 2 is oxygen; CO 2 is carbon dioxide; H 2 O is water vapor.
Analysis of multi-flow field of exhaust jets
During the busiest periods for flight missions on aircraft carriers, there is usually an aircraft ready to take off in front of the JBD, while another is waiting for flight behind the JBD. After one aircraft is catapult launched, the JBD is put down, and then the next aircraft rolls to the take-off position ready to be catapult launched, and at the same time, another aircraft rolls to the standby position. The process goes on like this. There are two take-off positions on the bow of the flight deck and also two on the angled deck. This paper numerically simulates the flow field of four aircrafts' exhaust jets, two in the take-off positions and two in the temporary standby positions. The engines are in the fullstress state when in the take-off position and in a crawling state while in the temporary standby position.
Based on the CFD theory, the flow field of four aircrafts' exhaust jets is numerically simulated and the impact on the deck is assessed. The process consists of four parts: geometrical modeling, mesh generation, CFD solving, and CFD analysis.
Geometrical model
The conceptual model of the aircraft carrier is designed with CATIA corresponding to the American Nimitz class nuclear powered aircraft carrier. The carrier-based aircraft is also designed, Fig. 1 .
The conceptual designed aircraft carrier is nuclear powered with an angled deck and a straight deck, 4 elevators, 3 arrestors, 4 electromagnetic catapults, 1 island and 1 hangar. The flight deck is 337m long and 77m wide, with a total height of 76.8m.
The carrier-based aircraft is a heavy combat fighter designed with a single seat, double engines and three control surfaces. The fighter is equipped with built-in weapon bays, extraversion double vertical tails, a DSI intake port, an S-shape inlet, and fanjets with thrust vectoring nozzles. The carrier-based aircraft is 22.0m long, 5.8m high, with a wingspan of 16.6m.
Generating meshes
The FLUENT module in Workbench is used to deal with the geometrical models produced by CATIA. The models are
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The conceptual designed aircraft carrier is nuclear powered with an angled deck and a straight deck, 4 elevators, 3 arrestors, 4 electromagnetic catapults, 1 island and 1 hangar. The flight deck is 337m long and 77m wide, with a total height of 76.8m. The carrier-based aircraft is a heavy combat fighter designed with a single seat, double engines and three control surfaces. The fighter is equipped with built-in weapon bays, extraversion double vertical tails, a DSI intake port, an S-shape inlet, and fanjets with thrust vectoring nozzles. The carrier-based aircraft is 22.0m long, 5.8m high, with a wingspan of 16.6m.
Generating meshes
The FLUENT module in Workbench is used to deal with the geometrical models produced by CATIA. The models are imported into the Geometry module.
(a) The conceptual designed carrier-based aircraft
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Generating meshes
(b) The aircraft carrier and aircrafts system The flow field around the carrier and aircrafts is first generated, after which the sea level is added. The geometrical models and flow field under the sea level are truncated, and what is left is used for the study. Unstructured tetrahedral meshes are then generated on the flow field around the carrier and aircraft, with 35061451 meshes generated altogether. The meshes on the surface of the solid bodies deal with the carrier and aircrafts system, Fig. 2 .
After meshing, use the CFD theory to solve the carrier and aircrafts system.
CFD solving
In the solving process, choose the multiphase flow mode in FLUENT is chosen, with air flow and exhaust jets flow set. When the aircraft carrier moves as fast as 24 knots per hour, the velocity of far field air flow is 12.34m/s, causing a wind to blow over the deck, while the engines produces a high temperature and high velocity flow field. The model is set with the energy conservation equation, standard k-ε equations and three-dimensional 1-7 (2015) imported into the Geometry module. The flow field around the carrier and aircrafts is first generated, after which the sea level is added. The geometrical models and flow field under the sea level are truncated, and what is left is used for the study. Unstructured tetrahedral meshes are then generated on the flow field around the carrier and aircraft, with 35061451 meshes generated altogether. The meshes on the surface of the solid bodies deal with the carrier and aircrafts system, Fig. 2 .
In the solving process, choose the multiphase flow mode in FLUENT is chosen, with air flow and exhaust jets flow set. When the aircraft carrier moves as fast as 24 knots per hour, the velocity of far field air flow is 12.34m/s, causing a wind to blow over the deck, while the engines produces a high temperature and high velocity flow field. The model is set with the energy conservation equation, standard k-ε equations and three-dimensional N-S equations. The boundary conditions are set as follows: (1) the velocity of far field as 12.34m/s; (2) the temperature of incoming flow as 26.85°C; (3) the temperature of the sea water homoeothermic as 26.85°C; (4) the components of air as 78% nitrogen, 21% oxygen, and 1% other gases.
The initial conditions of the engines are set as follows: (1) in the full-stress state, the exhaust gas temperature after turbine as 750°C, the inflow velocity as 60m/s, and the exit flow velocity as 200m/s; (2) in the crawling state, the exhaust gas temperature after turbine as 500°C, the inflow velocity as 30m/s, and the exit flow velocity as 100m/s. By using the time marching method to solve the flow field in FLUENT, the second upwind scheme is used in the coupled solution of the N-S equations, energy equation and turbulence equation.
CFD analysis
When numerically simulating the carrier and aircraft systems, the initial conditions are set as follows: (1) in the XY plane, the angle between the right JBD and the X-axis of the carrier as 80°; (2) in the XY plane, the angle between the left JBD and the X-axis of the carrier as 83°; (3) the X axis of the aircraft perpendicular to the Y axis of the JBD.
For consideration of the thermal coupling of the wind and the exhaust jets, the aircraft in the take-off positions are in the full-stress state, and the aircrafts in the temporary standby positions are in the crawling state. FLUENT is used to simulate the flow field of multi-exhaust jets in order to evaluate the impact to the flight deck. After the CFD simulation, the flow field of multiple aircraft and the temperature distributions along the carrier axis are shown, Fig. 3 and Fig. 4 .
The CFD simulation of multi-exhaust jets consists of isosurface of velocity, isosurface of temperature and a nephogram of temperature distribution, Fig. 3(a), 3(b) and  3(c) .
Conclusions that can be drawn from Fig. 3 are that: (1) the exhaust jets are reflected upward by the JBD to avoid burning the aircraft in the standby position; (2) though in the crawling state, the exhaust jets produced by aircraft in the standby positions still influence a large part of the flight deck; (3) the left JBD has a better diversion effect than the right one, since more exhaust gases are diverted outwards from the deck by the left JBD, while more exhausted gases are directed inwards by the right one. The reason lies in that, in the XY plane, the angle between the left JBD and the X-axis of the carrier is 83°, bigger than that of the right one, making it easier for the exhaust gas to combine with the wind. If the angle between the JBD and the X-axis of the carrier was 90°, the diversion effect would be much better. (4) The exhaust jets produced by the aircraft in the left standby position influence a larger area than the right one due to the angle between the X-axis of the aircraft and the X-axis of the carrier being just 7°, smaller than that of the right one. So the nozzle of the right aircraft deflects more outwards, making the exhaust jets impact less on the flight deck.
When four aircraft are ready to start off, the temperature distributions along the carrier axis are shown, Fig. 4 . Figure 4 (a) indicates that: (1) at 102~104m on the X-axis, the temperature reaches up to 1023.15K, exactly the position of the full-stress state nozzle; (2) at 141~143m on the X-axis, the temperature reaches up to 773.15K, where the nozzle of the aircraft lies; (3) at 106~141m on the X-axis, with the temperature ranging from 725K to 373K, a large area is influenced by the exhaust jets; (4) at 110~163m on the X-axis, the temperature of the exhaust gases produced by the full-stress state engines drops from 713K to 350K; (5) at 160~310m on the X-axis, the temperature of the exhaust gas produced by the crawling state engines drops from 470K to 350K. Therefore, when several aircrafts are working on the bow, the exhaust gases influences a large area of the flight deck. At this point, anyone in this area would be at a high risk of death or injury by burning, and so workers should be forbidden from entering it. and -15 ~ -18m on the Y-axis, the temperature reaches up to 773.15K where the nozzle of the crawling state aircraft is; (3) in the large area from -40~40m of the Y-axis, the temperature of exhaust gases is above 350K. Figure 4 (c) indicates that: (1) at 2~3m of Z-axis, the temperature reaches up to 1023.15K, exactly the position of the full-stress state nozzle (The flight deck plane is on the position where Z is 0.5m); (2) at 0~6.5m on the Z-axis, the temperature influenced by the exhaust gases ranges from 1023.15K to 350K; (3) above 6.5m on the Z-axis, the temperature is below 350K.
Compared with the results of the scale experiments in the proving ground, the results of the simulation are almost consistent in terms of temperature and velocity. The data acquisition process of the experiments is as follows: (1) in an area of 200m×80m behind the aircraft, there are altogether 180 sampling points arranged on the deck in three levels, 1m, 2m and 3m, with each level containing 60 points; (2) each sampling point collects data of temperature and velocity while the engines of the aircraft are working; (3) by comparing the experimental data with the simulation of the CFD, conclusions can be drawn. The accuracy of the simulation is up to 95.2%, proving the feasibility of the CFD technique and the application of the numerical simulation.
Conclusion
Based on the CFD theory, for analysis of the thermal coupling of the wind and the exhaust jets, the flow field when four aircraft are ready to start off on the bow of the flight deck has been numerically simulated. After the simulation, For consideration of the thermal coupling of the wind and the exhaust jets, the aircraft in the take-off positions are in the full-stress state, and the aircrafts in the temporary standby positions are in the crawling state. FLUENT is used to simulate the flow field of multi-exhaust jets in order to evaluate the impact to the flight deck.
After the CFD simulation, the flow field of multiple aircraft and the temperature distributions along the carrier axis are shown, Fig. 3 and Fig. 4 .
The CFD simulation of multi-exhaust jets consists of isosurface of velocity, isosurface of temperature and a nephogram of temperature distribution, Fig. 3(a), 3(b) and 3(c) .
Conclusions that can be drawn from Fig. 3 are that: (1) the exhaust jets are reflected upward by the JBD to avoid burning the aircraft in the standby position; (2) though in the crawling state, the exhaust jets produced by aircraft in the standby positions still influence a large part of the flight deck; (3) the left JBD has a better diversion effect than the right one, since more exhaust gases are diverted outwards from the deck by the left JBD, while more exhausted gases are directed inwards by the right one. The reason lies in that, in the XY plane, the angle (c) Nephogram of temperature distribution conclusions can be drawn as follows:
(1) The numerical simulation can solve fluid dynamic problems with complex shape based on the CFD theory, with CATIA developing the geometrical models and Workbench solving the simulation. This provides a useful method for solving similar CFD problems with complex shape.
(2) It is advised that staff do not enter the following areas due to risk of injury by burning or death: within 53m behind the JBD, 22.5m along the centerline of the JBD, and at 1.5~4.5m above the flight deck,.
(3) The JBD should withstand high temperatures. After consideration of the thermal coupling of the wind and the exhaust gases, the temperature of the central JBD is above 700K. As such, cooling measures should be seriously considered.
(4) In the XY plane, the angle between the JBD and the X-axis of the carrier should approach 90°, helping the exhaust gases flow outwards when coupled with the wind.
(5) The impact of the exhaust gases decreases after being reflected by the JBD; while the exhaust gases produced by aircraft in the standby position impact the deck severely. Suggestions are also made that the nozzle of the standby position aircraft deflects outwards from the deck to reduce the influence on staff, vehicles and other aircraft parked in the area.
